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More than 30,000 steel strip reinforced soil walls have been built in Japan since their introduction in the early 1970s. The current
Japanese method of computing tensile loads in the reinforcement strips is based on the Coherent Gravity Method ﬁrst developed in
France more than three decades ago. At that time, the method was calibrated against measured loads from seven instrumented
structures based on soil friction angles in the range of 35–461. In Japan, however, there are many reinforced soil walls that have been
built successfully using cohesive-frictional soils with ﬁnes contents as high as 35% and lower friction angles. The present paper uses the
results of load measurements from 18 instrumented wall sections, reported previously in the literature, and nine instrumented Japanese
walls to examine the prediction accuracy of the Coherent Gravity Method described in the Public Works Research Center (2003)
guidelines. The current design chart for the coefﬁcients of earth pressure, used to compute tensile reinforcement loads, is empirically
adjusted for soil backﬁlls falling into three different friction angle ranges. The new design chart is calibrated to satisfy an average load
exceedance level that matches the value adopted when the Coherent Gravity Method was ﬁrst calibrated.
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The ﬁrst reference to steel strip reinforced soil walls in
the Japanese literature can be traced back to Kamizawa
(1967). The ﬁrst constructed wall of this type in Japan was
in a highway road application in 1972 (Hirai et al., 2003);
the ﬁrst wall used to support a railway embankment was in
1973 (Hatta, 1995). Today, steel strip reinforced soil walls
are a mature technology in Japan and around the world.
There are now estimated to be in excess of 30,000 of these
structures in Japan (Ochiai, 2007).
The ﬁrst design manual for steel strip reinforced soil walls
was developed for the Japanese National Railway (Hatta,
1995). The ﬁrst Japanese national standard for steel strip wall
design was published by the Public Works Research Center
(PWRC) in 1982 and the current third version was revised in
2003 (PWRC, 2003). The Japan Public Highway Corporation
(JPHC) was also an early user of this technology and it
published a code of practice in 1983 (JPHC, 1983), but
subsequently adopted the PWRC (2003) code of practice.
Y. Miyata, R.J. Bathurst / Soils and Foundations 52 (2012) 1–172In all of the manuals, the design for the internal stability
of these structures follows the Coherent Gravity Method
ﬁrst developed in France. Valuable references to the early
development of this design method in the western literature
are found in the papers by Schlosser (1978) and Schlosser
and Segrestin (1979). One of the earliest papers describing
the design methodology in the Japanese journal literature
is by Minami and Adachi (1981).
These early papers reveal that the method has a large
empirical component with the coefﬁcient of earth pressure
(K), computed as the coefﬁcient of earth pressure-at-rest
(Ko) at the backﬁll surface and decreasing linearly to the
active earth pressure coefﬁcients (Ka) at a depth of 6 m
below the (mechanical) wall height and remaining constant
thereafter. The bilinear distribution was conﬁrmed by back-
calculation of the K values from a total of 34 load measure-
ments from seven instrumented walls constructed in the
1970s (Schlosser, 1978; Schlosser and Segrestin, 1979).
Bathurst et al. (2008) compared the measured reinforcement
loads from instrumented structures and predicted loads using
the Coherent Gravity Method, as described in the British code
of practice (BS8006 1995). The British method is similar to the
method described in PWRC (2000) with the exception that the
vertical pressure at the reinforcement elevation is calculated
using the Meyerhof equation (i.e., vertical stress acting on
each reinforcement layer (sv) includes the load eccentricity
effect due to the overturning moment generated by the
retained soil zone acting against the reinforced soil zone above
the reinforcement elevation—see Bathurst et al. (2008)) and
the cohesive component of soil shear strength appears
explicitly in the equation for the calculation of the maximum
tensile load in the reinforcement strip. Bathurst et al. (2008)
used a total of 18 different wall sections to carry out the
comparison. Only one of the walls was constructed in Japan
(SS7—Asahigaoka wall in the current study). The use of the
Meyerhof equation to compute the vertical pressure in the
British code was judged to be an unnecessary complication,
since there was no quantitative improvement in load predic-
tion accuracy using the data available.
Bathurst et al. (2009) carried out a similar comparison
between measured loads using the same database of 18
walls and the Simpliﬁed Method described in AASHTO
(2009). The Simpliﬁed Method uses a bilinear distribution
of K with depth, but the calculation of K in this case is only
a function of the active earth pressure coefﬁcient. A useful
reference that describes the rationale for and the develop-
ment of the AASHTO Simpliﬁed Method for steel rein-
forced soil walls in the USA is the technical report by Allen
et al. (2001). In the AASHTO approach, the cohesive
component of soil shear strength is ignored.
In these earlier studies by Bathurst et al. (2008, 2009),
both methods were judged to give acceptably accurate load
predictions for frictional soils with friction angles in the
range of f=36–451. However, Bathurst et al. (2008, 2009)
concluded that large measured tensile loads in reinforce-
ment layers close to the top of the wall, using purely
frictional soils with f4451, were likely due to locked-incompaction stresses that would not act on the facing
connections or propagate to the anchorage zone of the
reinforcement strip. Hence, loads predicted using the
AASHTO (2009) Simpliﬁed Method or the BS8006
(1995) Coherent Gravity Method for these purely frictional
soils should not be used for pullout calculations; rather, f
should be capped at 451 for the calculation of Tmax. In the
current AASHTO (2009) guidelines, f is capped at 401.
In the previous studies by Bathurst et al. (2008, 2009), all
of the walls used to collect load data were constructed with
frictional soils with small ﬁnes content (i.e., particle sizes less
than 75 mm) according to the available source documents. In
Japan, there is no explicit guidance in the PWRC (2003) code
of practice for considering the cohesive component of shear
strength in cohesive-frictional soils. However, PWRC limits
the frictional component of soil shear strength to not less
than 251, below which soil improvement is recommended
(e.g., soil-cement). Nevertheless, cohesive-frictional soils with
high ﬁnes content are used in Japan. For example, of the 78
walls surveyed by Ogawa (1994), 36 walls were constructed
with soils having ﬁnes contents between 15% and 35%. In
the USA (Elias et al.—FHWA, 2001) and Canada (CFEM,
2006), the recommended maximum ﬁnes content is 15%. The
PWRC (2003) guidelines permit ﬁnes contents as high as
35% for Class B backﬁll soils and as high as 25% for Class
A1 backﬁll soils.
The objective of this paper is to compare the predicted
steel strip reinforcement loads using the PWRC (2003) design
method with the measured values from the 18 test wall
sections used in the earlier studies cited, plus a total of nine
new Japanese case studies. Five of these walls were con-
structed with soils with friction angles fr351 and six walls
with backﬁll soils having ﬁnes contents greater than 25%.
Hence, these data offer a check on the accuracy of the
PWRC method for walls with a range of soils not previously
considered at the time of the original calibration of the
Coherent Gravity Method in the 1970s. In this study, the
general bilinear form of the equation for the coefﬁcient of
earth pressure K is preserved and the breakpoint is kept at
6 m. The paper concludes with recommended adjustments to
the empirical design chart for the coefﬁcient of earth pressure
used to calculate the tensile loads in steel strip reinforcement
layers. The adjusted coefﬁcients in the design chart are
selected to give loads that are expected to satisfy a load
exceedance value of 37% on average, which is the accepted
value deduced from the original calibration of the Coherent
Gravity Method performed more than 30 years ago.
2. Wall case studies
Table 1 provides a summary of the case study walls used
in previous studies by Bathurst et al. (2008, 2009). None of
the walls in Table 1 was constructed in Japan. For the sake
of brevity, details beyond those shown in the table are not
presented. The reader can ﬁnd case study source informa-
tion in the references cited in the background papers by
Allen et al. (2001, 2004). Table 2 includes one Japanese
Table 1
Summary of wall geometry and material properties for steel reinforced soil walls (data from Bathurst et al., 2009; Allen et al., 2001).
Case
study
Wall case historya Project
date
Facing height
(m)
Surcharge
condition
Soil Soil unit weight, g
(kN/m3)
Soil shear strengthb Fines content
(%)
Test
type
Friction
angle,
f (deg.)
Cohesion,
c (kPa)
fsec
e
(deg.)
SS1 Lille, France wall 1972 6 None Gravelly sand 18.1 NA 44 –c 44 –c
SS2 UCLA test wall 1974 6.1 None Sandy gravel 19.8 CD 38 – 38 –
SS3A WES test wall 1976 3.7 None Concrete sand 18.5 DS 36 – 36 –
SS3B q¼24 kPa
SS3C q¼48 kPa
SS3D q¼72 kPa
SS4 Fremersdorf wall 1980 7.3 None Peaty sand and gravel 19.6 DS 37 – 37 –
SS5 Waltham Cross wall 1981 8.2 None Well graded sand and
gravel
22.6 DS 56 – 56 0
SS6A Guildford Bypass
(Duplicate) walls
1981 6 None Well graded sand and
gravel
22.3 DS 48 – 48  0
SS6B
SS10 Ngauranga wall 1985 12.6 51negative slope Well graded granular
greywacke
21.5 NA 50h – 50 o 1
SS11 Algonquin wall 1988 6.1 None Silt 20.4 CD 40 2d 41 90
SS12A Gjovik (Norway) wall 1990 12 None Granular 19 NA 38 – 38 –
SS12B 1.5:1 sloper3 m
high
SS13f Bourron Marlotte test wall 1993 10.5 None Sand 16.8 NA 37 – 37 0
SS14f Bourron Marlotte test wall 1993 10.5 None Sand 16.8 NA 37 – 37 0
SS15 INDOT Minnow Creek wall 2001 16.5 0.4 m Poorly graded sand and
gravel
21.8 CD 38 0 38 0
SS17 Granton wallg 1973 6.3 None Not reported 16.7 NA 46 41 55 –
SS18 Grigny wall (UK)g 1977 10 None Not reported 19.6 NA 35 0 35 –
NA¼test type not reported; CD¼consolidated-drained triaxial compression tests giving effective stress strength parameters; DS¼direct shear tests giving effective stress strength parameters.
aSee Allen et al. (2001, 2004) for case study source references.
bMeasured backﬁll triaxial or direct peak shear friction angle.
cDenotes not reported and taken as zero in calculations.
dCohesive strength component ignored in calculations reported by Bathurst et al. (2008, 2009).
efsec ¼ tan1ðc=gHaþ tan fÞ:
fSS13 constructed with uniform reinforcement length of 5 m. SS14 constructed with trapezoidal reinforced zone section with reinforcement lengths increasing in order of 4, 5 and 6 m from the bottom
of the wall.
gBastick (1984).
hBack-calculated from pullout tests.
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Table 2
Summary of wall geometry and material properties for Japanese steel reinforced soil walls.
Case studya Wall case
history
Project
date
Facing
height,
H (m)
Surcharge
condition
Soil Soil unit weight,
g (kN/m3)
Soil shear strengthc Fines content
(%)
Triaxial test
type
Friction
angle,
f (deg.)
Cohesion,
c (kPa)
fsec
d (deg.)
SS7b Asahigaoka wall 1975 12 Slopingr1 m high Granular 17.7 CD 36 19 38 0.8
SSJ-1a
)
Hokkaido
walls
1987 7.5 0.6 m Silty sand 18 CU 16 35 28 20
SSJ-1b 1997 7.5 0.6 mþbroken back 1 V:2 H 26
SSJ-2
)
JPHC walls 1996 12.75 0.75 m Zone 1: silty sand 18.9
9>=
>; 19
CD 40
9>=
>; 35
0 35 7
SSJ-3 Zone 2: clayey silty sand 15.2 21 19
Zone 3: silty sand 19.0 34 19
SSJ-4a
9>=
>;
3.0
9>=
>; None
Poorly graded gravel 18.4 CD 40 23 51 7
SSJ-4b 4.5 48
SSJ-4c 6.0 46
SSJ-5a
)
PWRI walls 1994 3.0
)
None
Poorly graded sand 15.2 CU 29 33 52 2
SSJ-5b 4.5 46
SSJ-5c 6.0 42
SSJ-6a
9>=
>;
3.0
)
None
Silty sand 13.5 CU 21 3 24 19
SSJ-6b 4.5 23
SSJ-6c 6.0 23
SSJ-7 Chubu wall 1994 7.5 1.5 mþbroken back 1 V:0.8 H Silty sand 17.7 CD 40 5 41 20
SSJ-9a
9>=
>;
PWRI wall 1993 2.0 None Poorly graded sand 15.7 CD 38 2 40 8
SSJ-9b 3.0 39
SSJ-9c 4.0 39
SSJ-11a
9>>=
>>;
Numazu wall 1980 3.4 None Well graded sand 16 CD 42 0 42 19
SSJ-11b 4.5 None
SSJ-11c 4.5 0.6 m
SSJ-11d 4.5 1.6 m þ
broken back 1 V:1.5 H
CD¼consolidated-drained triaxial compression tests giving effective stress strength parameters; CU¼consolidated-undrained triaxial compression tests giving total stress strength parameters.
aSSJ-1a and SSJ-1b: sand layer with D50¼1.0 mm placed over steel strip to improve soil–strip interface friction and adhesion (Teraji et al., 1988). SSJ-2: Facing panel thickness¼180 mm. SSJ-3:
Facing panel thickness¼100 mm. SSJ-2 and SSJ-3: Zone 1 (h¼0–6.25 m); Zone 2 (h¼6.25–9.5 m); Zone 3 (h¼9.5–12.4 m). SSJ-2 and SSJ-3 (Kumada et al., 1997; Kawai et al., 1999a,b). SSJ-4, SSJ-5
and SSJ-6 (Kumada et al., 1995; Ohta et al., 1995; Aihara et al., 1995). SSJ-7 (Yorita et al., 1995a, b). SSJ-9 constructed with 0.5 m spacing in both vertical and horizontal directions but with different
reinforcement length arrangements: (Onodera et al., 1994; Kumada et al., 1994). SSJ-11 (Minami and Adachi 1981).
bHiguchi et al. (1977), Bastick (1984), Allen et al. (2001, 2004) and Bathurst et al. (2009).
cAll tests were conventional triaxial compression. Shear strength values are peak values. For tests that did not exhibit a well-deﬁned peak strength value (i.e., continual strain hardening response), the
peak strength was taken at 15% strain.
dfsec ¼ tan1ðc=gHaþ tan fÞ:
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Fig. 1. SS7 (Asahigaoka wall).
Y. Miyata, R.J. Bathurst / Soils and Foundations 52 (2012) 1–17 5wall (SS7), previously analyzed by Bathurst et al. (2008,
2009), and the new Japanese case studies collected by the
writers for the current study. Details of the Japanese case
study walls can be found in the papers cited in the table.
However, additional unpublished source materials were
provided by PWRC, Hirose Co. Ltd. (Japan) and JFE
Shoﬁ Terre One Co. Ltd. (Japan). The loads in the rein-
forcement layers were determined from strain gauges
mounted directly on the reinforcement strips. When more
than one measurement point was reported on a strip, the
writers selected the maximum load value as Tmax for the
layer, since it is the maximum axial load in the reinforce-
ment that will determine the factor of safety against
reinforcement rupture during the design stage.
Where the laboratory test method to determine the soil
shear strength data was reported, the test method and the
soil strength values (effective or total stress strength
values) are also shown in the tables. Where a cohesive soil
strength component was reported in the source documents
for cf soils, there is no additional information on the
source of the cohesive soil strength component (i.e.,
possible suction effects or simply the result of linear
extrapolation of the shear strength envelope to the shear
stress axis). For the triaxial tests in Table 2 that did not
exhibit a well-deﬁned peak strength value (i.e., continual
strain hardening response), the peak strength was taken at
a strain of 15% in accordance with Japanese practice for
the design of reinforced soil walls. The quality and the type
of soil strength data reported in the source documents are
judged to be typical of the quality and the type of soil
strength data that are routinely available to engineers for
the design of these systems. Both tables include a column
with secant friction angles (fsecZf) and reported soil
cohesion (c) if available. The inﬂuence of fsec on reinforce-
ment load calculations is described later in the paper.
The combined database includes 26 different wall sections
(some with data recorded at different construction heights
and post-construction surcharging) and a total of n¼159
load measurements. This is almost a ﬁve-fold increase in the
number of experimental load observations (n¼34) used to
calibrate the load model in the original Coherent Gravity
Model (Schlosser, 1978; Schlosser and Segrestin, 1979).
Furthermore, the method was originally calibrated using
soils with friction angles in the range of 35rfr461. The
range of soil friction angles is now larger (16rfr561).
All steel reinforcement strips in the Japanese case studies
were of the ribbed type with a cross-section width of
60 mm and a thickness of 5 mm. With the exception of
SSJ-9, the reinforcement strips were placed at a vertical
and horizontal spacing of 0.75 m. Similarly, unless noted
otherwise, the reinforced incremental concrete panels were
180 mm thick and 0.75 m high by 0.75 m wide. All walls
are judged to have performed well and all wall deforma-
tions (where this data are reported) are well within the
current PWRC (2003) criteria (i.e., 300 mm or 3% of
the wall face height, whichever is less). Not considered in
the current study is a ﬁeld wall with one instrumentedlayer, identiﬁed in the writers’ database as SSJ-8, which
was constructed with a soil-cement backﬁll (Nakamura
et al., 1991). The soil cement was reported to have a cohe-
sive strength in excess of 100 kPa, which puts this wall
outside the range of the cohesive-frictional soils of the
other walls in the database.
2.1. SS7 (Fig. 1) (Higuchi et al., 1977; Bastick, 1984;
Allen et al., 2001)
This wall, 13.0 m in height, was constructed in Asahi-
gaoka, Niigata Prefecture, Japan, in 1975. It is the ﬁrst
documented steel strip wall in Japan. The precast concrete
facing panels were either 180 mm (above 4.5 m) or 220 mm
thick (below 4.5 m). No details of the foundation soil were
reported, but standard penetration test numbers between
20 and 50 were reported. The maximum settlement of the
wall foundation after 90 days was 25 mm. The maximum
outward movement of an individual panel was reported to
be 4 mm. The backﬁll was granular with a reported friction
angle of 361 and cohesion of 19 kPa. The unit weight of the
soil was measured during the wall construction.
2.2. SSJ-1a and SSJ-1b (Fig. 2) (Teraji et al., 1988)
This wall was constructed beside a service access road as
part of an upgrade of Hakodate Airport in Hokkaido
Prefecture. Data were collected when the wall was com-
pleted to the top of the parapet and after the back slope
was completed. A low quality silty sand ﬁll was used as the
reinforced zone backﬁll. To improve the adhesion and the
interface friction between the backﬁll and the steel rein-
forcement strips, a layer of sand with D50¼1 mm was
placed between the reinforcement strips and the backﬁll.
The inclination of the facing, the settlement of the wall face
and the foundation surface, the reinforcement loads and
the earth pressure against the facing panels were measured.
Fig. 2. SSJ-1a and 1b (Hokkaido walls).
Y. Miyata, R.J. Bathurst / Soils and Foundations 52 (2012) 1–176A single in situ pullout test was conducted. The maximum
facing inclination was negligible (i.e., 20 mm at the crest
of the wall face). The settlement of the base foundation
was a maximum of 160 mm. One month after the end of
construction, the settlement and the reinforcement loads
were reported to be constant.Fig. 3. SSJ-2 and SSJ-3 (JPHC walls).2.3. SSJ-2 and SSJ-3 (Fig. 3) (Kawai et al., 1999a, b)
These two ﬁeld walls were constructed by the Japan Public
Highway Corporation (JPHC). The walls were nominally
identical with the exception that SSJ-2 and SSJ-3, were
constructed with concrete panels 180 and 100 mm in thick-
ness, respectively. The objective of the study was to examine
the relative performance of the two structures with a view to
saving wall costs by using thinner panels. Each wall was
constructed with three soil zones, as recorded in Table 2.
Kawai et al. (1999a, b) reported the average friction angle and
the unit weight of the backﬁll soil to be 351 and 19 kN/m3,
respectively. The horizontal displacement of the facing panels,
the horizontal earth pressure against the facing panels, the
reinforcement loads and the contact pressure distribution
(four points) of the walls were measured. The maximum
facing deformations were observed at the top of the walls,
namely, 200 mm for SSJ-2 and 120 mm for SSJ-3. Both
movements were well within the design criteria. The authors
concluded that the relative wall deformations for these walls
were inﬂuenced by the width of the joints between the panels
(100 mm for the 180-mm-thick panels and 45 mm for the
100-mm-thick panels). The facing earth pressure levels were
judged to be similar with regard to their magnitude and
distribution. However, the load at the base of the thinner
panels was greater than the load at the base of the thicker
panel. The total reinforcement loads recorded for both wallsare similar, and hence, the effect of panel thickness on the
reinforcement loads (if any) was not detectable.
2.4. SSJ-4, SSJ-5 and SSJ-6 (Fig. 4) (Kumada et al.,
1995; Ohta et al., 1995; Aihara et al., 1995)
Three walls, 6.0 m in height, were constructed at the
Public Works Research Institute (PWRI) test site in Japan.
The walls were constructed as part of a larger investigation
to study the inﬂuence of ﬂooding and rapid drawdown on
the response of reinforced walls (see Miyata et al., 2010).
In this study, the reinforcement loads prior to ﬂooding are
used. Hence, the inﬂuence of ﬂooding and drawdown on
Y. Miyata, R.J. Bathurst / Soils and Foundations 52 (2012) 1–17 7the reinforcement loads is not part of the current investi-
gation. The backﬁll soil consisted of a poorly graded gravel
(D50¼8 mm), poorly graded sand (D50¼0.4 mm and silty
sand (D50¼0.3 mm) for walls SSJ-4, -5 and -6, respectively.
The corresponding ﬁnes contents were 7%, 2% and 19%.
Strength data from triaxial compression tests are summar-
ized in Table 2. In situ pullout tests were carried out on
reinforcement strips at the end of construction and after
ﬂooding. The horizontal displacements of the wall facing
increased during ﬂooding.2.5. SSJ-7 (Fig. 5) (Yorita et al., 1995a, b)
A series of ﬁve tiered walls were constructed in a
mountainous area. Sections J and K were constructed
with a high quality silty sand material. Section L wasFig. 4. SSJ-4, SSJ-5 and SSJ-6 (PWRI walls).
Fig. 5. SSJ-7 (Cconstructed with soil-cement backﬁll and the two top
sections (M and N) were constructed with a gravel
material. The horizontal earth pressure against the back
of the facing panels was recorded for Sections J and K, but
only Section K was instrumented to measure the reinforce-
ment loads. The facing deformations were measured for all
the walls and in situ pullout tests were performed on
reinforcement strips in each of the three different backﬁll
materials. The authors report only the maximum outward
movement at the top of the wall face in Section J (15 mm)
after Section K was completed. The behavior of the wall
was simulated using a ﬁnite element model (Yorita et al.,
1995b). They reported that the numerical results were in
good agreement with the horizontal pressure readings, but
numerical simulations did not give accurate predictions of
the reinforcement loads.2.6. SSJ-9 (Fig. 6) (Onodera et al., 1994; Kumada et al.,
1994)
A wall, 4.0 m in height, was constructed at the Public
Works Research Institute (PWRI) test site in Japan as part
of a series of walls. One wall was constructed using a
geogrid reinforcement and has been described by Bathurst
et al. (2008). These walls were constructed to examine the
effect of foundation support on wall performance. The soil
type and compaction were the same for all the walls in this
series. The base footing shown in the ﬁgure was released in
a controlled manner to allow horizontal movement of the
2.0-m deep foundation soil. In the current investigation,
the data gathered prior to the base footing release (end of
construction) are used. Sand with a ﬁnes content of 8% was
used for the backﬁll and the foundation soil. Compaction
was carried out in 0.25-m lifts. Consolidated-drainedhubu wall).
Y. Miyata, R.J. Bathurst / Soils and Foundations 52 (2012) 1–178triaxial tests were carried out to estimate the strength para-
meters of the backﬁll. From these tests, a cohesion value of
2 kPa and a peak friction angle of 381 were deduced. Rein-
forcement strips were placed at center-to-center vertical
spacing and horizontal spacing of 0.50 m for wall SSJ-9.
The construction time for the wall was reported as ﬁve
days. SSJ-9 had moved 5 mm at the base of the wall facing
by the end of the construction period.
2.7. SSJ-11 (Fig. 7) (Minami and Adachi, 1981)
This wall, 4.5 m in height, was constructed at Numazu
City in Shizuoka Prefecture. Reinforcement loads were
recorded during construction and at two post-construction
surcharging stages (broken back slope at 0.6 m and a ﬁnal
height of 1.6 m, as shown in the ﬁgure). The soil strength
parameters were not reported by Minami and AdachiFig. 6. SSJ-9 (PWRI wall).
Fig. 7. SSJ-11 (N(1981), but a single friction angle was deduced by the
writers from reported K/Ka plots presented in their paper.
3. PWRC design method for steel strip walls
The focus of this paper is the calculation of the
maximum tensile load (Tmax) in the reinforcement layers
in steel strip reinforced soil walls. According to PWRC
(2003), this value is calculated as
Tmax ¼ SvKsv ¼ SvKðgzþqÞ ð1Þ
where Sv is the reinforcement spacing, K is the coefﬁcient
of earth pressure, sv is the vertical pressure at the elevation
of the reinforcement strip¼gzþq where g is the soil unit
weight, z is the depth of the layer below the crest of the
wall at height H and q is the equivalent uniform surcharge
pressure. Coefﬁcient K is taken from the bilinear distribu-
tion, as shown in Fig. 8(a), and is with respect to the
mechanical height of the wall (Ha). The reference values
are the classical Rankine active earth pressure coefﬁcient,
namely,
Ka ¼
1sin f
1þsin f ð2Þ
and the coefﬁcient of earth pressure-at-rest using the Jaky
equation
Ko ¼ 1sin f ð3Þ
The bilinear distribution for K is expressed as
K ¼ bKo 1 z
zo
 
þaKa z
zo
 
for zrzo ¼ 6 m ð4aÞ
and
K ¼Ka for z4zo ¼ 6 m ð4bÞ
In both the original and the current models for K, the
constant coefﬁcients are a¼b¼1.umazu wall).
n
1
B
H
H4
tan-1 0.3 
H2
Ha
H1
0.3 Ha
(H+H4)/2
H3
bK0aKa
z
zo = 
6.0 m 
Fig. 8. Design chart for earth pressure coefﬁcient K and wall geometry (PWRC, 2003). (a) Coefﬁcient K (a¼b¼1) (Eq. (4)) and (b) wall geometry.
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Ha ¼HþH2 ð5Þ
to account for inﬁnite slope or broken slope backﬁll sur-
face geometries, as illustrated in Fig. 8(b). There are a total
of six different wall crest and backﬁll geometries described
in PWRC (2003) to compute the mechanical height of
the wall. Only one is shown here for the sake of brevity.
The additional height term, H2, shown in Fig. 8(b) is
calculated as
H2 ¼
0:3ðHþH4ÞB
n0:3 þH4rH1 ð6Þ
Here, H4 is the additional height of the wall at the crest
(e.g., parapet), B is the slope setback distance, n is the
horizontal to vertical ratio of the back slope gradient and
H1 is the maximum height of the slope crest above the crest
of the wall.
The equivalent uniform surcharge pressure is calculated
as
q¼ gsH3 ð7Þ
where gs is the unit weight of the soil above the crest of the
wall and H3 is calculated as
H3 ¼
ðHþH4Þ=2B
n
þH4rH1 ð8Þ
4. Selection of soil strength parameters
The data in Table 1 correspond largely to frictional soils
with friction angles ranging from 361 to 501. However,
seven of the nine walls in Table 2 were constructed with
cohesive-frictional (cf) soils. In North American prac-
tices, the cohesive soil strength component is ignored in the
calculation of Tmax according to AASHTO (2009). This
may impose penalties on the design outcomes if a large
cohesive strength component is available for the life of thestructure. As noted earlier, however, current equations in
the PWRC (2003) manual do not explicitly include the
cohesion term for the reinforced soil. An alternative
strategy is to use Eq. (1) with an equivalent secant friction
angle expressed as
fsec ¼ tan1
c
sv
þ tan f
 
¼ tan1 c
gHa
þ tan f
 
ð9Þ
The value of Ha was employed to be consistent with the
height of the wall used to locate zo in the PWRC (2002)
design method (see Fig. 8). The results of this calculation
for the case study soils in the current investigation are
shown in Fig. 9. The plot shows that there can be large
increases in the value of the friction angle for soils with low
frictional strength and a large normalized cohesive
strength component (c/sv). The adjusted friction angles
for all the reinforcement layers embedded in c–f backﬁll
soils are shown by the symbols superimposed on this
ﬁgure. The quantitative consequences of using the fric-
tional component of shear strength alone and computed
peak secant friction angles can be seen in Fig. 10 for all
case study reinforcement layers embedded in c–f soils. The
plot shows measured Tmax values versus predicted values
using Eq. (1) with f (open symbols) and fsec (shaded
symbols) friction angles. Logarithmic axes are used to
improve the visibility of the data at low load levels. As
expected, there is a shift towards lower predicted Tmax
values when using fsec. The mean and the coefﬁcient of the
variation (COV) in the bias values for this data set (n¼61),
using the originally reported f values, are 0.90 and 0.54,
respectively. Here, the (load) bias is computed as the ratio
of the measured load to the predicted load (XQ¼Tmax
measured/Tmax predicted). Ideally, a deterministic load
model that gives a mean bias value (mQ) equal to one or
just less than one together with a low spread (COVQ) in
bias values is desirable. However, the magnitude of an
acceptable COV for bias statistics is subjective. Using fsec,
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tively, showing that the accuracy of Eq. (1) is less on
average and underestimates the reinforcement loads on
average. This is consistent with Fig. 10, which shows more
data points above the one-to-one correspondence line
using fsec. However, an important result when using
Eq. (9) is that 14 data points in the cohesive-frictional soil
category move up into the soil category with friction angles
of 451 or higher. This puts these soils into a range of
frictional soils that develop compaction-induced stresses
and should be capped at 451 when computing tensile loads
for the pullout limit state, as discussed earlier in the paper.
In the database of Japanese case studies available for this
investigation, highly frictional backﬁlls with f4451 were
not present. In Japan, these highly frictional granular
backﬁlls are prohibitively expensive, and hence, are rarelyused. Based on the above comments, it was decided that
the analyses in this paper would be conducted using only
the reported frictional component of the soil shear
strength, as recommended in current North American
practice and implicit in the current PWRC (2003) code
of practice.
5. Analysis of measured and predicted loads
5.1. Data groups
In this investigation, the case study data were parsed
into three groups based on f, namely Group 1: fr351,
Group 2: 35ofr451 and Group 3: f4451. The reasons
for this partitioning are: (a) the soils used to originally
calibrate the Coherent Gravity Method were reported to
be purely frictional soils with 35ofr461 or the cohesive
component of the shear strength was ignored, (b) the soils
with f4451 are believed to generate compaction-induced
stresses, and thus, warrant special interpretation and (c)
many of the Japanese case studies used c–f soils with
friction angles less than 351. These soils may be expected to
be non-dilatant, and thus, result in different steel strip
tensile load responses.
5.2. Distribution of normalized loads
Fig. 11 shows the distribution of normalized reinforce-
ment loads (Tmax/Tmxmx) with the normalized depth (z/Ha).
Here, Tmax is the maximum tensile load in the reinforce-
ment layer and Tmxmx is the maximum reinforcement load
recorded from all monitored reinforcement layers in the
wall. In order to avoid spurious data points, only data
for reinforcement layers in walls with four or more
Tmax/Tmxmx
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Fig. 11. Theoretical and measured normalized load distributions for
reinforcement layers in database. Note: Only data from wall case studies
with four or more instrumented layers are plotted. (a) Theoretical (Eq.
(1)) and (b) measured.
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shows the theoretical distribution of the data points. These
are computed normalized loads using Eq. (1) and f for the
soil for all the instrumented layers. The data fall largely in
an envelope having an upper limit extending from the
origin to a breakpoint at z/Ha¼0.6 and a lower line at 1:1.
There are two apparent outliers in this plot, which are for
instrumented layers in walls that had non-uniform spacing
with smaller reinforcement spacing (Sv) at the base of the
wall (SS2 and SSJ-2). If the reinforcement spacing had been
kept constant, all the data points would have fallen on or
above the bottom 1:1 reference line.
Fig. 11(b) shows the corresponding measured data. The
data are more dispersed with most of the data points
located within an envelope with an approximate higher
upper limit corresponding to the line from the origin to
a breakpoint at z/Ha¼0.3 and the 1:1 line. The greater
dispersion of the data is expected due to the inherent
inaccuracy in the deterministic load model, random varia-
bility in the value of the input parameters, as well as the
variability due to the measurement methodology andinterpretation. With the exception of one data point on
the upper boundary, most of the data corresponding to
the soils with friction angles in the range 35ofr451
remained close to or below the theoretical computed upper
limit line with breakpoint at 0.6. A possible explanation
for the larger dispersion of the data points compared to the
computed values is that there is now a wider range of
friction angles for the soils in the database of the measured
reinforcement loads that fall outside of the range of soils
with 35rfr461 that was originally used to calibrate the
Coherent Gravity Method. However, most of the data
points for soils with fr351 fall outside of the theoretical
envelope with a breakpoint at 0.6 and the 1:1 line. Data
points for soils with f4451 fall largely above the 1:1 line.
These observations suggest that the re-calibration of the
bilinear function for K (Eq. (4)) is particularly important
for soils with relatively low and high friction angles (soils
in Groups 1 and 3 in this study).
5.3. Reinforcement loads for cases with 351ofr451
Of the n¼159 data points in this investigation, 93 are for
soils with friction angles 35ofr451. This range in
friction angles closely matches the range in soil friction
angles in the original database of seven walls used to
develop the K design chart in Fig. 8(a). Measured versus
predicted Tmax values are plotted in Fig. 12(a). The open
triangle symbols are for reinforcement loads in Japanese
walls only (Table 2) and the open circle symbols are for the
other walls in the database (Table 1). The predicted values
have been calculated using the current load model (Eq. (1)
with a¼b¼1). A Mann–Whitney Rank Sum Test was
performed on the bias values for the two data sets and the
difference in median values for the two populations was
shown not to be statistically different at a level of signi-
ﬁcance of 5%. Hence, the bias values in both data sets are
considered to be from the same population for calibration
purposes.
The data (current model) in Fig. 12(a) are plotted in the
vicinity of the 1:1 correspondence line indicating that there
is a linear trend between the measured and the predicted
load values; and hence, the load model does well (at least
qualitatively) in predicting the observed trend in reinforce-
ment loads. The bias values for the uncorrected data in
Fig. 12 have a mean value of mQ¼1.12 and COVQ¼0.33.
This means that on average the measured values are 12%
higher than the predicted values. A perfect deterministic
model is one that has a mean bias value of one and a COV
of zero. A mean bias value of one can be achieved by
adjusting breakpoint coefﬁcients a and b in the bilinear
equation for K (Eq. (4)). In this study the value of zo¼6 m
was kept unchanged. To ﬁnd a and b values, the optimiza-
tion (SOLVER) utility in Excel was used with the objective
function set to mQ¼1 and the constraint aZb. Constant
coefﬁcient values that satisfy this criterion are a¼1.13
and b¼1.10. The corresponding spread in data remains
COVQ¼0.33. This means that the current spread in the
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Fig. 12. Uncorrected and corrected load data for soils in current database with 351ofr451. (a) Measured versus predicted reinforcement loads and
(b) load bias cumulative and exceedance distribution plots.
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improved using the current form of the analytical expres-
sion for K (i.e., Eq. (4)), but the accuracy of the model
on average can be improved. The adjusted data corre-
sponding to a mean bias value of one will be shiftedslightly to the right in Fig. 12(a), but are not plotted to
avoid visual clutter.
In reliability-based limit states design calibration, it is
desirable to have a load model that gives a mean bias
value of one (Allen et al., 2005; Bathurst et al., 2008, 2011).
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prescribed load factor. For example, in the development of
highway bridge design codes in Canada and the USA,
vehicle bridge loads are expected to be exceeded in only
3% of the cases.
In allowable stress design (ASD) using a factor of safety
approach (e.g., current PWRC (2003) approach), it is
common practice to select a model and model parameters
such that reasonable conservative estimates of predicted
loads are obtained. However, the amount of conserva-
tiveness is subjective and based on experience with the
performance of the particular class of structures. When the
design chart for K was developed by H. Vidal and his
co-workers, they selected a bilinear curve that was a
function of Ko and Ka with convenient breakpoint values
(i.e., a¼b¼1) and zo¼6 m. Careful inspection of this chart
(reproduced in many publications including Schlosser
(1978) and PWRC (2003)) shows that the majority of the
data points fall below the design curve for the matching
friction angle, but that there are also data points that fall
above the design curve. The ratio for each value of K at
depth z and the design curve value matching the soil
friction angle is simply the (load) bias value deﬁned as the
ratio of measured load to predicted load. Bias data from
the original load model calibration with n=34 data points
are plotted in Fig. 12(b) as a cumulative (or exceedance)
frequency plot (grey circle symbols). Whether intentional
or not, the original design method accepted that opera-
tional loads in steel strip reinforced soil walls would be
exceeded on average in 37% of reinforcement strips. The
corresponding bias statistics are mQ¼0.90 and COVQ¼
0.29. Since the bilinear equation for K has not changed in
more than 30 years, it must be concluded that this exceed-
ance rate is accepted practice for these systems worldwide
for both ASD and limit states design. Hence, the correct
strategy for the re-calibration of the K design chart, within
an ASD framework using a larger database of load mea-
surements, is to set the objective function to a target
average exceedance rate of 37%. The load exceedance
concept should not be confused with the factor of safety
applied to the resistance-side for the reinforcement pullout
and the rupture ultimate limit states. The current paper
focuses only on the load side in the conventional factor of
safety (ASD) equations.
The inﬂuence of the adjusted values for constants a and
b, using the larger population of load measurements
available today (n¼93), versus n¼34 data points when
the Coherent Gravity Method was ﬁrst developed, can
be seen in Fig. 12(b). The larger data set is plotted with
open circle symbols in the ﬁgure. The resulting exceedance
level is 58% which is much higher than 37%. Adjusting
parameters a and b to give a mean bias value of one
reduces the exceedance level to 53% (grey triangle sym-
bols), a small improvement. However, the values of
a¼1.27 and b¼1.21 satisfy a target exceedance rate of
37% (open triangle symbols). The corresponding mean
load bias value is (mQ¼0.90 for both cases and the spreadin data remains almost the same as the original data set
(i.e., COVQ¼0.33 versus 0.29). The adjusted load bias data
that satisfy an exceedance level of 37% are plotted in
Fig. 12(a). As expected, the data points can be seen to shift
to the right.
5.4. Reinforcement loads for cases with fr351
A similar treatment of the data for soils with fr351
was carried out. In this case, however, the data set
corresponds largely to Japanese case studies (40 out of
45 data points). The open circle symbols in Fig. 13(a)
represent data for the ﬁve measurements taken from the
single non-Japanese wall (SS18) that falls in this soil
strength category. These data points can be seen to fall
above most of the uncorrected data for the corresponding
40 Japanese load measurements. A Mann–Whitney Rank
Sum Test, performed on the bias data for the SS18 wall,
and the Japanese bias values failed at a level of signiﬁcance
of 5%. Hence, only the data for the 40 Japanese load
measurements were used in the analyses to follow.
Fig. 13(a) and (b) shows that the current model
signiﬁcantly overestimates the measured loads. This is
conservative (safe) for conventional ASD practice, but
the exceedance level is only 6% (Fig. 13(b)), which is very
much lower than the target value of 37% adopted for the
soils in the previous section. The corresponding uncor-
rected load bias statistics are mQ¼0.53 and COVQ¼0.48.
To satisfy the 37% target exceedance level requires that
constants a and b be reduced from one to a¼0.58 and
b¼0.58. These values correspond to a mean bias value of
(mQ¼0.92 and COVQ¼0.53. The corrected data are
plotted in Fig. 13(a) and (b).
5.5. Reinforcement loads for cases with f4451
Reinforcement load measurements for soils with friction
angles greater than 451 are available for non-Japanese
walls only (Table 1). As noted earlier, high friction angle
soils are prohibitively expensive in Japan and this explains
why these soils do not appear in the records of instru-
mented steel strip walls in Japan. However, for complete-
ness, analyses are performed for this soil group as well. All
measured load values are plotted above the 1:1 correspon-
dence line using the current PWRC (2003) method to
compute Tmax. To meet the 37% exceedance level, the
constants in Eq. (1) must be adjusted to a¼2.62 and
b¼2.52. A similar large adjustment was required when the
same load bias data set was analyzed using the current
BS8006 (1995) version of the Coherent Gravity Method
and the AASHTO (2009) Simpliﬁed Method. As noted
earlier, Bathurst et al. (2008, 2009) concluded that the very
large bias values were likely due to the compaction-
induced stresses. Hence, while the adjusted model para-
meters are suitable for the calculation of tensile loads for
the steel strip rupture limit state, they should not be used
for connection or pullout limit states design. For these
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Fig. 13. Uncorrected and corrected load data for soils in current database of Japanese walls with fr351. (a) Measured versus predicted reinforcement
loads and (b) load bias cumulative and exceedance distribution plots.
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in Eq. (1) be capped at 451. In the unlikely event that soils
with 451 friction angles or higher are used for steel strip
walls in Japan, the writers recommend that the friction
angle of the soil be capped at 451 and that Eq. (1) be used
with a¼1.27 and b¼1.21 matching the calibration results
for soils with 35ofr451 (Fig. 14).6. Conclusions and discussion
The current method for calculating the maximum tensile
load in steel strip reinforced soil walls in Japan is based on
the Coherent Gravity Method developed in France more
than 30 years ago. An important feature of this method is a
design chart for the selection of the coefﬁcient of earth
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match measured loads from a total of 34 instrumented
steel strip layers available at that time from seven instru-
mented walls. Only one of the seven instrumented walls
was constructed in Japan. This paper revisits the calibra-
tion process for the K design chart using a much larger
database of 159 measurements from a total of 26 wall
sections. About half of the load measurements correspondto Japanese case studies. This database includes a greater
range of soils. Examination of the soil database for
Japanese case studies showed that cohesive-frictional soils
with higher ﬁnes contents and lower friction angles are
more common than the soils in the walls used to originally
calibrate the model. In fact, many walls have been built
successfully in Japan with soils having friction angles less
than 351. Case studies with these lower strength soils were
Table 3
Recommended coefﬁcients for constants a and b in Eq. (4) for coefﬁcient
K to give average load exceedance of 37%.
Soil group/model Friction angle (deg.) Parameter
a b zo (m)
1 fr35 0.6 0.6 6
2 35ofr45 1.3 1.2 6
3 f445 2.6 2.5 6
Note: Cap friction angle at f¼451 for soils with f4451 and use Group 2
soil model coefﬁcients when computing tensile loads used in pullout
ultimate limit state calculations.
Y. Miyata, R.J. Bathurst / Soils and Foundations 52 (2012) 1–1716not available at the time the Coherent Gravity Method was
ﬁrst calibrated. This paper has carried out the recalibration
of the K design chart for three groups of soils using an
average target load exceedance of 37%. This value is
deduced from the original calibration data set, and there-
fore, is an acceptable exceedance level for these types of
walls in Japan and around the world. The recommended
values for the breakpoint constants in the K equation are
summarized in Table 3. The values for soils in Group 2 will
result in tensile loads that are about 20–30% higher.
However, for walls with soils having a lower friction angle
(Group 1—fr351), the frequency of the overestimation
of the reinforcement loads is reduced signiﬁcantly. For
soils with friction angles f¼35 or 451 at the group
boundaries in Table 3, the lower a and b values should
be selected to ensure conservative (safer) design outcomes.
However, recall that the current ASD approach used in
Japan requires an estimate of the resistance-side capacity
in the factor of safety expressions. A preliminary examina-
tion of a large database of Japanese steel strip pullout box
and in situ pullout test data by the writers suggests that the
pullout capacity model used in the current Coherent
Gravity Method is conservative (i.e., pullout capacities
are underestimated on average). Hence, the full impact on
design outcomes in Japan using the adjusted load models
in this paper cannot be established until steel strip pullout
data are used to re-calibrate the current pullout model
using the same general approach adopted in this paper.
This work is underway at the time of writing.
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